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The MHC class I -related receptor, FcRn, is involved in both the transcytosis of serum -y-globulins (IgGs) and in regulating their 
serum persistence. The interaction site of FcRn on the Fc region of rodent IgC has been mapped to residues at the CH2-CH3 
domain interface using site-directed mutagenesis and x-ray crystallographic analyses. In the current study, the role of individual 
residues (H310, H433, and N434) at this interface in mediating the Fc-FcRn interaction has been investigated using recombi- 
nant, mutated Fc hinge fragments derived from mouse IgCl. In addition, two highly conserved Fc histidines (H435 and H436) 
have been mutated to alanine, and the resulting mutated Fc hinge fragments were analyzed in both transcytosis and pharma- 
cokinetic studies in mice and in competition binding assays using recombinant, soluble FcRn. The analyses indicate that mu- 
tation of H310, H435, and, to a lesser extent, H436 to alanine results in reduced activity of the Fc hinge fragments in both in 
vivo and in vitro assays. Thus, in addition to the previously defined role of I253 in the FcRn-IgG interaction, these histidines play 
a key role in mediating the functions conducted by this Fc receptor. The effects of these mutations on binding of Fc hinge 
fragments to staphylococcal protein A have also been analyzed and demonstrate a partial, but not complete, overlap of the FcRn 
and staphylococcal protein A interaction sites on mouse lgG1. The Journal of Immunology, 1997, 158: 2211-2217. 



Recent studies have indicated that for mouse IgG, the 
MHC class I-related receptor FcRn 4 is involved in both 
the control of serum half- life and transcytosis across neo- 
natal intestinal/maternofetal barriers (I -3). Site-directed mutagen- 
esis has been used to identify amino acid residues of mouse IgG I 
(mlgGl) that regulate these processes (4-7). These residues are 
located at the CH2-CH3 domain interface and are highly con- 
served in both human and murine IgGs (8). To identify these 
amino acids, recombinant Fc hinge fragments with double muta- 
tions of amino acid residues in the CH2 domain (H3I0A/Q31 IN) 
and CH3 domain (H433A/N434Q), and a single mutation in the 
CH2 domain (I253A) have been characterized in pharmacokinetic 
studies (4. 5) and in transcytosis across yolk sac and neonatal small 
intestine (6, 7). These studies demonstrated that mutation of the 
CH2 domain residues had a more marked effect on both serum 
half-life and transcytosis than the CH3 domain mutations. Further- 
more, the mutants were also impaired in binding to recombinant, 
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soluble FcRn (9). However, these analyses did not exclude a role 
for other conserved amino acid residues in the CH3 domain. In 
addition, for the H310A/Q31 IN and H433A/N434Q mutants, two 
simultaneous mutations were made in both the CH2 and CH3 do- 
mains, and it was, therefore, not possible to identify which of the 
four amino acids (H310, Q3I1, H433, and N434) are directly in- 
volved in building the FcRn interaction site of mlgGl. The aim of 
this work was to identify which of these four amino acid residues 
are involved in the regulation of IgG transcytosis/catabolism and 
to investigate a possible role for other CH3 domain residues (H435 
and H436) that are highly conserved in IgGs (8). 

Materials and Methods 

Generation of mutated Fc hinge fragments derived from 
mlgG 1 

Mutations were made using designed mutagenic oligonucleotides and ei- 
ther splicing by overlap extension (10) or site-directed mutagenesis (II. 
1 2). The mutants are described in Table 1, and the generation of mutants 
1253 A and H285A has been described previously (4. 5). For other mutants, 
mutagenic oligonucleotides used in site -directed mutagenesis were as fol- 
lows: H433A, 5 '-GGTGGTTGGCCAGGCCCT-3 ' ; H435A, 5'-CAGTAT 
GGGCGTTGTGCA-3 ' ; and H436A. 5 ' -CTCAGT AGCGTGGTTGTG-3 ' . 
Mutants H3I0A, N434A. and N434Q were made using splicing by overlap 
extension (10) with the following mutagenic oligonucleotides: H310A, 
5'-CCCATCATGGCCCAGGACTGG-3' and 5'-CCAGTCCTGGeC 
CATGATGGG-3' ; N434A. 5 ' -GGCCTGC ACGCGC ACC ATACT-3 ' and 
5'-AGTATGGTGCGCGTGCAGGCCCTC-3'; and N434Q, 5'-AGTATG 
GTGTTGGTGCAG-3 ' and 5 ' -CTGC ACC A&C ACC ATACT-3'. For each 
oligonucleotide, percent underlining indicates mutated bases. For all mu- 
tants, the corresponding genes were sequenced using the dideoxy nucleotide 
method (13) and Sequenase before functional analysis. 

Expression and purification of the recombinant proteins 

Wild-type (wt) and mutant Fc hinge fragments tagged with carboxyl-ter- 
minal hexahistidine peptides were purified using Ni 2 *-NTA-agarose (Qia- 
gen. Chatswonh. CA) as described previously (4). After diaJys is against 15 
mM phosphate buffer/50 mM NaCI, pH 7.5, the mutants were cither kept 
at 4°C for short term storage (<I0 days) or freeze dried for longer term 
storage. Recombinant soluble mouse FcRn was expressed and purified us- 
ing the baculovinis system as described previously (9) and stored at 4°C. 
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Table I. Recombinant Fc-h'mge derivatives used in this study 



Designation 


Mutation 


Domain 


WT Fc-hinge 


None 




I253A*' 


. lie 253 to Ala 


CH2 


H285A 


His 285 to Ala 


CH2 


H310A 


His 310 to Ala 


CH2 


H433A 


His 433 to Ala 


CH3 


H433A/N434Q*' 


His 433 to Ala and 


CH3 




Asn 434 to Gin 




N434A 


Asn 434 to Ala 


CH3 


N434Q 


Asn 434 to Gin 


CH3 


H435A 


His 435 to Ala 


CH3 


H436A 


His 436 to Ala 


CH3 



*' Mutants described previously (4, SI. 



Analysis of the mutant Fc hinge fragments using SDS-PACE 
and circular dichroism (CD) 

SDS-PAGE (14) and CD analyses were conducted as described 
previously (4). 

Radiolabeling of the proteins 

Monoclonal mlgGl, recombinant mouse Fey, hinge fragments, and re- 
combinant mouse FcRn (mFcRn) (9) were radiolabeled with ( l25 IJNa (Am- 
ersham. Arlington Heights. 1L) using the Iodogen reagent ( 15) as described 
previously (4). Free iodine was removed by centrifugation on MicroSpin 
G-25 columns (Pharmacia, Piscataway. NJ). The specific activities of the 
radiolabeled proteins were approximately 5 x 10 ft cpm/jig* with <S% free 
iodine. The radioactive proteins were stored at 4°C for not more than I wk 
before injection into mice. 

Chromatographic analysis 

All radiolabeled Fc hinge fragments were analyzed on an s-250 column 
(Bio-Rad. Hercules, CA) by permeation HPLC. The sera collected from 
mice injected with radiolabeled Fc hinge fragments at 24 h were pooled 
and analyzed by HPLC on an s-250 column (Bio-Rad). The radioactivities 
of the chromatographic fractions were measured with a gamma counter, 
and the molecular mass and heterogeneity of the radioactive peak were 
determined. 

Determination of serum IgC concentration 

The concentration of serum IgG was determined using radial immunodif- 
fusion with Nanorid and Bindarid kits (The Binding Site, Birmingham. 
UK). Precipitin ring diameters were measured electronically. 

Pharmacokinetic analyses 

Pharmacokinetics of radioiodinated Fc hinge fragments were determined in 
6-wk-old BALB/c mice (Harlan Sprague-Dawley Laboratory, Indianapolis, 
IN) as described previously (4, 5). 

Materno fetal transmission 

Previously described methodology (7) was used with pregnant outbred 
SCID mice (Taconic Co., Germantown, NY) near term (15-18 days). In 
brief, mice were fed 0.01% Nal in drinking water and then 1 day later 
injected with radiolabeled protein (2 x I0 7 to 5 x 10 7 cpm) in the tail vein. 
Mice were bled with a 20-/il capillary 3 min postinjection, and 24 h later 
fetuses were delivered by cesarean section. The fetuses of a litter were 
pooled (discarding the placenta), washed in saline, weighed, frozen in liq- 
uid nitrogen, and homogenized in 10 vol of 10% TCA. The suspension was 
centrifuged, and the radioactivity of the precipitate was determined in a 
gamma counter. The percentage of transmission was calculated with the 
formula: % transmission (%T) = (R3)/|(RI - R2) X (W X 0.72)/0.02], 
where Rl is radioactivity in maternal blood at 3 min. R2 is radioactivity in 
maternal blood at 24 h. W is body weight (grams), and R3 is radioactivity 
of the fetuses. 

The total weight and number of fetuses in a given litter varied from litter 
to litter, and therefore, the transmission data are presented per unit weight 
of fetuses rather than the amount transferred per litter (%T/g) (7). The 
blood volume of pregnant mice was considered to be 7.2% of body weight 
(16). The radioactivity in the maternal blood available for transmission to 



the fetus was calculated by deducting the radioactivity remaining at 24 h 
from that measured at 3 min after the injection of radiolabeled protein. 

Inhibition of transintestinal transfer 

BALB/c neonatal mice (10-14 days old) from the Animal Resource Cen- 
ter, University of Texas Southwestern Medical Center (Dallas, TX), were 
intubated with a mixture of f 12!! IJmJgGl and Fc hinge fragment at a FcflgG 
molar ratio of approximately 2000 as described previously (6). The per- 
centage of inhibition was calculated relative to the transfer of the same 
amount of | ,2 *IJmIgGl without inhibitor. 

Inhibition of FcRn binding to mlgGl -Sepharose 

All Fc hinge derivatives were dialyzed into 50 mM phosphate buffer with 
250 mM NaCI and 5 mM Na 2 EDTA. pH 6.0 (PB-6), and adjusted to a 
concentration of 1 mg/ml. Three hundred microliters of Fc hinge (wt or 
mutant) or PB-6 was incubated in Eppendorf tubes with rotation for 30 min 
at 25°C with 150 /J of mlgGl -Sepharose (1 mg/ml packed gel, 50% sus- 
pension). 50 fil of PB-6 containing 10 mg/ml OVA (Sigma Chemical Co., 
St. Louis, MO), and 10 yX of | ,23 IJFcRn (0. 1 Mg/200.000 cpm). Following 
incubation. 500 t±\ of ice-cold PB-6 was added, and the gel was washed 
three times by centrifugation at 12,000 x g for 3 min using ice-cold PB-6 
(plus I mg/ml OVA). The radioactivity bound to the gel was determined. 
The gel pellet was resuspended in 1 ml of PB-7.5 (with 1 mg/ml OVA), and 
the supernatant was discarded after centrifugation. The remaining radio- 
activity bound to the gel was determined. The radioactivity specifically 
bound to the mlgGl -Sepharose gel was calculated by subtracting the re- 
maining radioactivity from the bound radioactivity. The inhibition of bind- 
ing of FcRn to mlgGl -Sepharose by Fc derivatives was calculated using 
the equation: % inhibition = 100 - 100 AtB. where A is the specific 
radioactivity bound to mlgG I -Sepharose in the presence of Fc hinge frag- 
ment, and B is the specific radioactivity bound in the absence of Fc hinge 
fragment. 

Analysis of binding to staphylococcal protein A (SpA) 

SpA-agarose gel (0.5 ml) was equilibrated with PB-7.5 and I mg/ml OVA 
(PB-7.5). Fifty to one hundred microliters of each ,2, J-labeled Fc hinge 
fragment containing 50 pig of protein was loaded onto the column, incu- 
bated for 15 min. and then washed with 10 column volumes of the same 
buffer. Bound Fc hinge fragments were eluted with 100 mM acetic acid. 
The amounts of radioactivity in the flow-through, washes, and eluates were 
determined. The ratio of bound/unbound was calculated, and the percent- 
age of binding of each mutant relative to the wt Fc hinge fragment was 
determined. 

Results 

Expression and analysis of mouse Fey, hinge mutants 

Plasmids encoding the wt Fc hinge and mutants (Table I) were 
constructed, and the proteins were expressed and purified using 
Escherichia coli as a host. With the exception of the H285A mu- 
tant, the residues that have been mutated are all in close proximity 
to the CH2-CH3 domain interface (17) and are also highly con- 
served in the IgG isotypes of both mouse and man (8). As de- 
scribed previously, the radiolabeled Fc hinge derivatives emerged 
essentially as single peaks with a retention time corresponding to 
55 kDa when analyzed on an s-250 column (4) (data not shown). 
Taken together with HPLC analyses, reducing and nonreducing 
SDS-PAGE analyses indicate that the Fc hinge derivatives are ex- 
pressed as a mixture of noncovalently linked and sulfhydryl-linked 
homodimers (Fig. 1 ). In addition, CD studies of the Fc hinge de- 
rivatives show that the mutations do not result in large scale 
changes in the structures of the recombinant proteins (Fig. 2). 

Pharmacokinetic analysis of the Fc hinge fragments 

Radiolabeled Fc hinge fragments were injected into mice, and the 
serum radioactivity was monitored at various time points follow- 
ing injection. For each Fc hinge derivative, the elimination curves 
in different mice were similar, and Figure 3 shows representative 
curves for one mouse from each group. 

For each recombinant Fc hinge fragment, the serum samples 
collected at the 24 h point from mice within one group were pooled 
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FICURE 1. SDS-PAGE of wt and mutant Fc hinge fragments using 
non reducing and reducing conditions. The molecular mass of size 
standards (Mr) are indicated on the left margins. 



and subjected to H PLC on an s-250 column. For all the Fc hinge 
fragments, the majority of the radioactivity cluted as a single peak 
with a retention lime corresponding to the molecular mass of the 
injected protein (55 kDa; data not shown). In agreement with our 
previous results (4), this indicates that the Fc hinge derivatives 
persist in serum as homodimeric molecules and are not protcolyti- 
cally digested or associated with other serum proteins. The phar- 
macokinetic parameters of the Fc hinge derivatives are shown in 
Table II, and the a-phase represents the equilibration time between 
the intra* and extra vascular space, whereas the /3-phase represents 
the elimination of the equilibrated protein from the intravascular 
space. Furthermore, during the a-phase, any misfoldcd protein 
molecules that might be present in the recombinant protein prep- 
arations are eliminated <€. Medesan. unpublished observations), 
and therefore, the 0-phase represents the elimination of correctly 
folded protein from the intravascular space. 

The data clearly demonstrate that some mutations have a sig- 
nificant effect on the /3-phase half-life of the corresponding Fc 
hinge fragment. Thus, mutation of H3I0 in the CH2 domain has a 
marked effect on the catabolic rate (Table II). In contrast, mutation 
of H285, located in a loop on the external surface of the CH2 
domain distal to the CH2-CH3 interface (17). has no effect on the 
catabolic rate, and this is consistent with our previous findings (5). 
Simultaneous mutation of H433 and N434 decreases the /3-phase 
half-life to 77 h (36% decrease), while single mutation at each of 
these positions yielded two mutants (H433A and N434A) with the 
same half-life as the wt Fc hinge. Substitution of N434 with glu- 




Wave length, nm 

FIGURE 2. CD spectra of recombinant Fc hinge fragments. 

taminc instead of alanine (N434Q) also yielded an Fc hinge frag- 
ment with a half- life similar to that of the wt Fc hinge (Tabic II). 
The half-life of the H433A-N434Q mutant (76.9 h) is greater than 
the value reported previously (50.3 h) (4). and this is also observed 
for the wt Fc hinge fragment (1 19 vs 82.9 h), H285A (106 vs 85 h), 
and I253A (26 vs 20 h). An explanation for these apparent dis- 
crepancies is that the BALB/c mice used in the present work (from 
Harlan Laboratories) have an IgG concentration of 1.0 ± 0.4 
mg/ml (average of 25 mice), which is considerably lower than that 
in BALB/c mice from our own animal colony (4.6 ± 0.8 mg/ml) 
used in earlier experiments (4, 5). The coneentraiion-cataholism 
relation (18) predicts that the half-life of IgG will be longer in mice 
with lower serum IgG concentrations, and this may explain the 
longer half-lives of the Fc hinge fragments in the cases above 
where direct comparisons have been made. 

Mutation of H435 in the CH3 domain has an effect as marked as 
that induced by mutation of 1253 or H3I0 in the CH2 domain, 
clearly indicating that this CH3 domain residue plays an important 
role in building the catabolic site of mlgGl. Furthermore, the 
H436A mutant has a half-life of 49 h, demonstrating that H436 
plays a more minor role than 1253, H310, or H435 in controlling 
catabolism (Table II). 

Maternofetal transfer 

The analysis of the pharmacokinetics of the Fc hinge fragments 
was extended to maternofetal transfer studies. The transfer of ra- 
diolabeled Fc hinge derivatives from the circulation of near-term 
pregnant SCID mice to the fetuses was analyzed by measuring the 
protein-bound radioactivity taken up by fetuses of one litter rela- 
tive to the radioactivity present in the maternal blood during the 
24 -h interval used for the transfer experiment The results are 
shown in Figure A A. In an earlier study it was demonstrated that 
both wt and mutant Fc hinge fragments are transferred to the fe- 
tuses as intact molecules (7). Thus, differences in transfer do not 
appear to be due to differences in susceptibility to proteolysis of wt 
vs mutant molecules. The transmission of I253A, H3I0A. and 
H435A mutants was only approximately 10 to 20% that of the wt 
Fc hinge or H285A, demonstrating the central role played by these 
residues in the maternofetal transfer of IgG. Thus, these mutations 
have similar effects on maternofetal transfer and catabolism. How- 
ever, the correlation between the 0-phase half-life and maternofe- 
tal transmission found for 1253 A, H3 1 OA. H433A, and H435A was 
not observed for the H436A mutant. Relative to wt Fc hinge, this 
mutant has a similar activity in maternofetal transmission but a 
shorter half- life (Table II and Fig. 4A ); possible reasons for this are 
discussed more fully below. 
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FIGURE 3. Elimination curves of recombinant Fc 
hinge fragments. The percentage of initial radioac- 
tivity (logarithmic scale) is plotted vs time post-initial 
injection of radiolabeled Fc hinge fragment. Repre- 
sentative curves for one mouse from each group are 
shown. 
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Table H. Catabofism of recombinant Fc-hinge fragments in BALB/c 
mice 



Fc-hinge 


No. of 


a-Phase 


0-Phase 


Fragment 


Mice 


Half-Life 


Half-life 


WT Fc-hinge 


5 


11.9 ± 0.2 


119.1 ± 11.5 


I253A 


11 


9.0 ± 1.8 


26.2 t. 1.9 


H28SA 


6 


10.8 ± 3.0 


106.4 ±11.7 


H310A 


9 


5.8 ± 0.2 


16.8 ± 1.2 


H433A 


9 


9.6 ± 1.0 


114.8 ± 10.8 


H433A/N434Q 


9 


9.4 ± 1.1 


76.9 ± 10.3 


N434A 


4 


9.0 ± 0.2 


110.0 ± 9.2 


N434Q 


5 


11.7 ±0.3 


115.0 ± 12.6 


H435A 


6 


4.4 ± 0.2 


17.4 ± 2.8 


H436A 


9 


8.5 ± 0.3 


48.7 ± 2.4 



intestinal transfer 

The intestinal transmission of recombinant Fc hinge derivatives 
was analyzed by measuring their ability to inhibit the transfer of 
radiolabeled migGl across the intestinal barrier of neonatal mice 
(Fig. 4fl). The results are consistent with the data obtained for 
maternofetal transmission of the 1253 A, H3J0A, and H435A mu- 
tants, indicating that the same receptor and mechanism of trans- 
mission are involved in both transcytotic processes. However, the 
H436A mutant is transferred across the maternofetal barrier of 
SCID mice almost as efficiently as the wi Fc hinge (Fig. 4A ) and 
yet does not inhibit the transfer of mlgGl across the neonatal in- 
testine as effectively. Thus, for this mutant, the haJMife and inhi- 
bition of neonatal transfer are reduced relative to the wt Fc hinge, 
and yet maternofetal transfer appears to be unaffected. 

Affinity for FcRn 

The relative affinities of the recombinant Fc hinge fragments for 
binding to recombinant mFcRn were estimated by measuring their 
ability to inhibit binding of [ ,25 I]FcRn to mlgG 1 -Sepharose (Fig. 
5A ). The data demonstrate that in all cases, the mutants with short 
half- life and decreased activity in transcytosis assays (maternofetal 
and neonatal) also have a lower affinity for binding to FcRn, with 
the exception of H436A. Despite a lower relative affinity for FcRn, 
this mutant is transferred across the maternofetal barrier as effi- 
ciently as wt Fc hinge, and yet has a reduced serum half-life and 
activity in intestinal transfer assays. 

Binding to SpA 

It has been previously shown that the SpA binding site and the 
catabolic site are located at the CH2-CH3 domain interface of 



mlgGl (4), and therefore, the effect of mutations on the binding of 
the Fc hinge fragments to SpA were analyzed in direct binding 
studies (Fig. 5fl). The data indicate that H310A and H435A are 
greatly impaired in SpA binding (9-12% of wt), whereas mutation 
of 1253 or H433 has a less marked effect (30-35% of wt). 

Discussion 

This study demonstrates that amino acid residues of the CH2 do- 
main (1253 and H310) and CH3 domain (H435 and, to a lesser 
extent, H436) are involved in regulating the transcytosis and serum 
persistence of mlgGl. Although this conclusion is drawn from the 
analysis of recombinant Fc hinge fragments that are expressed in 
an aglycosylated form, our earlier studies demonstrated that the wt 
Fc hinge fragment has the same j3-phase half-life (4) and activity 
in transcytosis assays (6) as complete glycosylated mlgGl. This 
indicates that for this isotype it is valid to extend studies with 
aglycosylated Fc hinge fragments to complete IgGs. Thus, residues 
in both domains play a key role in the two processes that involve 
FcRn-migGl interactions, and the locations of these amino acids 
on the three-dimensional structure of the homologous human Fey, 
(17) are shown in Figure 6. This conclusion may appear to con- 
tradict our earlier statement that mutations in the CH2 domain 
have a more marked effect than mutations in the CH3 domain 
(4-7). However, in these earlier studies only the effect of simul- 
taneous mutation of both H433 and N434 on transcytosis/catabo- 
lism was analyzed, and this indicated a minor role for these resi- 
dues. In the current analysis, mutation of each of these two amino 
acids individually has insignificant effects on both transcytosis and 
catabolism. The most plausible explanation for the observed ef- 
fects of mutation of both H433 and N434 is that simultaneous 
mutation of these two amino acids causes a local perturbation in 
the orientation of the adjacent histidine (H435), which, in contrast 
to H433 and N434, plays a critical role in the FcRn-migGl 
interaction. 

Further analysis of the region encompassing H310 and Q3I1, 
which had previously been analyzed in the context of simultaneous 
mutation of H310, Q31 1 to A310, N31 1, demonstrates the central 
role of H3 10 in the FcRn-migGl interaction. Mutation of H3 10 to 
alanine has an effect that is as marked as that seen for the H310A/ 
Q311N mutant analyzed earlier, and for this reason the effect of 
mutation of Q3 1 1 aione was not investigated in the current study. 
In contrast to 1253, H3 1 0, and H435, H436 plays a more minor role 
in maintaining serum IgG levels and transcytosis. Both 1253 and 
H3 10 are highly conserved in all murine and human IgG isotypes 
(8), whereas H435 and H436 show a lesser degree of conservation 
(Y435, Y436 in mIgG2b; L436 in a mlgG2a allotype: Y436 in 
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FIGURE 4. Transcytosis of recombinant Fc hinge fragments. The 
numbers in parentheses represent the number of mice used for each 
experiment. A, Maternofetal transmission of recombinant Fc hinge 
fragments in SOD mice. B, Inhibition of intestinal transmission of ra- 
diolabeled rnlgC! by recombinant Fc hinge fragments in BALB/c ne- 
onates. The value for H433A is not significantly different from that for 
wt Fc hinge (by Student's test, p = 0.127). 



human IgGl, IgG2, and IgG4; F436 in human IgG3 and R435 in 
a human IgG3 allotype). These sequence differences might account 
for the shorter serum half-lives of mIgG2b and human IgG3 (19) 
relative to other lgG isotypes. To date, there are no consistent data 
available concerning the relative transcytotic activities of different 
human (20) and mouse IgG (16) isotypes, and therefore, it is not 
possible to hypothesize about the effects of amino acid differences 
at positions 435 and 436 on maternofetal or neonatal transfer. In 
contrast to IgGs, IgM, IgE, and IgA have short serum half-lives 
and are not transferred across the placental/yolk sac barrier or neo- 
natal gut (21, 22). Consistent with these observations, none of the 
residues shown in this study to be important for mediating the 
Fc-FcRn interaction are present in IgM, IgE, and IgA, although 
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FIGURE 5. Binding of recombinant Fc hinge fragments to FcRn and 
SpA. A, Percent inhibition of FcRn binding to mlgGl-Sepharose rela- 
tive to binding in absence of inhibitor (average of three separate ex- 
periments). B, Percentage of Fc hinge fragment binding to SpA-Sepha- 
rose relative to the binding of wt Fc hinge (average of three separate 
experiments). 



these three Ig classes of both humans and mice share significant 
homology with IgGs in other regions of the respective 
molecules (8). 

1253 is a highly exposed, hydrophobic residue that is conserved 
in all IgG molecules belonging to mammals (8). In the present 
study we have confirmed that mutation of this isoleucine to alanine 
results in considerable decreases in the serum half-life and trans- 
cytosis across the maternofetal barrier or neonatal intestine. This 
clearly indicates that 1253 fulfills a key physiologic role beyond 
binding to SpA (17). The amino acid residues flanking 1253 are 
involved in the binding of human Fc to SpA (17), and their par- 
ticipation in the binding of FcRn cannot be excluded. Thus, M252 
is highly conserved in all IgG isotypes of mouse, rat, guinea pig, 
rabbit, and human with a few exceptions, such as mlgGI and rat 
lgGl/IgG2a, for which threonine replaces methionine (8). Simi- 
larly, position 254 is occupied by serine for all isotypes and species 
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AMINO ACIDS OF IgC INVOLVED IN CATABOLISM AND TRANSCYTOSIS 




FIGURE 6. The three-dimensional structure of the Fc region of IgC 
(17), with the amino acids involved in transcytosis and catabolism 
indicated. The location of H285, which is not involved in interacting 
with FcRn, is also shown with lettering for H285 in parentheses to 
indicate that it is not involved in the FcRn-mlgGl interaction. The 
program RASMOL (Roger Sayle, Bioinformatics Research Institute, 
University of Edinburgh, U.K.) was used to display this structure- 



except the above-mentioned mouse and rat isotypes that have 
threonine at this position. These changes in positions 252 and 254 
may correlate with longer half-life and more efficient transcytosis 
of mlgGl compared with the other isotypes. 

For all mutants except H433A and H436A, binding to FcRn and 
SpA is impaired to a similar degree. H433A has reduced SpA 
binding relative to wt Fc hinge, but is unaffected when interacting 
with FcRn. Conversely, the H436A mutation has the opposite ef- 
fect. Thus, although the SpA and FcRn interaction sites overlap, 
the overlap is not complete and the "footprints" of SpA and FcRn 
on mlgGl are distinct. This is also consistent with the differences 
in pH dependence that are observed for the FcRn-mlgG 1 and SpA- 
mlgGl interactions (23-25). 

The pH dependence of the interaction between IgG and FcRn 
(binding at pH 6-6.5 and release at pH 7-7.5) (23, 24) falls in the 
range of the pK value of the imidazole side chains of histidine. 
Taken together with the data from this study, this suggests that the 
marked pH dependence of the IgG-FcRn interaction is determined 
by the surface accessible histidine residues at positions 310, 435, 
and 436 located at the interface of the CH2 and CH3 domains. This 



is in accord with data of Bjorkman and colleagues indicating that 
for mlgG2a, there are three titratable residues in the pH range of 
6.4 to 6.9 (26). Consistent with these studies (26). analysis of the 
H310A mutant demonstrates that H310A plays a role in mediating 
the Fc-FcRn interaction both in vitro and in vivo. In contrast, how- 
ever, analysis of H433A and H435A shows that for mlgGl. mu- 
tation of H435 to alanine results in a loss of affinity for FcRn, 
whereas H433 does not play a role in FcRn binding. Furthermore, 
mutation of H436 to alanine results in an Fc hinge fragment that 
has reduced affinity for FcRn. Thus, the histi dines that play a role 
in mediating the high affinity of the mlgGl -FcRn interaction are 
H3I0, H435, and, to a lesser extent, H436. The reasons for the 
apparent differences in H433 and H435 between our data and those 
of others (26) are not clear, but in the latter study different isotypes 
(mIgG2a, mIgG2b, and human lgG4) with consequent sequence 
differences in the residues both at and in proximity to the FcRn 
interaction site were used. Thus, it is conceivable that in the con- 
text of differences in the sequences of surrounding residues, the 
relative roles of H433 and H435 are distinct in different isotypes. 

The close correlation between the effect of mutations of the Fc 
hinge fragments on pharmacokinetics, transcytosis across neonatal 
brush border/yolk sac, and affinity for FcRn (Table Til) supports 
the concept that FcRn is involved in all these processes (2, 3). This 
is also consistent with experiments showing that in mice lacking 
FcRn due to loss of /3 2 m expression, IgGs have decreased intes- 
tinal transmission (1, 27) and abnormally short serum half-lives (2, 
3). For both the control of catabolism and transcytosis, it has been 
hypothesized that only the IgG molecules bound to FcRn are pro- 
tected from degradation and reenter the circulation (catabolism) or 
traverse the yolk sac/neonatal intestine (transcytosis) (28). FcRn 
was first identified as a functional protein in tissues of different 
species (placenta, yolk sac, and brush border of neonatal intestine) 
involved in the transmission of Ab from mother to fetus or neonate 
(23, 24, 29-32). More recently, mouse FcRn a-chain mRNA has 
been isolated from organs not involved in maternal transmission of 
IgGs, such as liver, lung, heart, and spleen (2). Rat and human 
homologues of FcRn have also been found to be ubiquitously ex- 
pressed at the mRNA level (33-35). This strongly suggests that 
FcRn might be synthesized by the endothelial cells within these 
organs. Consistent with this, FcRn a-chain mRNA (2) and the 
corresponding protein (J. Borvak et al., unpublished observations) 
have been isolated from cultivated mouse endothelial cells 
(S VEC), suggesting that endothelial cells might be the site of IgG 
catabolism. The isolation of a human homologue of FcRn from 
human placenta (30-32) that is ubiquitously expressed in adult 
tissues (33) together with the high degree of conservation of 1253, 
H310, and H435 in human IgGs (8) indicate that the same mech- 
anisms of maternofetal transfer and homeostasis of serum IgGs are 
operative in humans. Understanding these processes in molecular 



Table III. Pearson's correlation coefficient test 





Catabolism 


Intestinal Transfer 


Affinity for FcRn 


Protein A Binding 


Maternofetal 


r = 0.8703 


r = 0.8920 


r = 0.8358' 1 


r = 0.8838 


Transmission 


p = 0.0049 


p = 0.0028 


p = 0.0097 


p = 0.0036 


Catabolism 




r = 0.9450 


r = 0.9776 


r = 0.7107 






p = 0.0004 


p = 0.00003 


p = 0.0482 


Intestinal Transfer 






r = 0.9531 


r= 0.8361 








p = 0.00025 


p - 0.0097 


Affinity for FcRn 








r = 0.7709 








p = 0.0251 



Correlation coefficient excluding values obtained for H436A; r = 0.9917; p = 0.0OOO1. 
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detail has implications both for the modulation of the pharmaco- 
kinetics of therapeutic IgGs and for the enhancement of matemofe- 
tal transfer of IgGs that might be of value in passive immunization 
of fetuses. 

The pH dependence of the FcRn-IgG interaction (23, 24) sug- 
gests that the subcellular site (cell surface or intracellular compart- 
ment) at which binding occurs will differ for neonatal transcytosis 
and maternofetal transfer/control of catabolism, as discussed pre- 
viously (2). Other unknown factors , such as the rate of recycling in 
these different cellular compartments, may also play a role in de- 
termining the effective concentration of FcRn. These differences 
between the processes and the cell types involved, despite the in- 
volvement of a common receptor, may explain the behavior of the 
H436A mutant, for which the half-life, intestinal transfer, and af- 
finity for FcRn do not correlate with the maternofetal transmission 
as closely as for the other mutants. A further explanation for the 
anomalous effects of the H436A mutation might be as follows; 
mutation of H436 to alanine does not have as marked an effect on 
catabolism, inhibition of intestinal transfer, and binding to FcRn as 
those observed for 1253 A, H310A, and H435A, and in contrast to 
the other three assays, the maternofetal transfer assay is conducted 
in the absence of competition by endogenous IgGs using SOD 
mice. Thus, in this situation, the effect of this mutation on ma- 
ternofetal transfer might only manifest itself if an analysis of the 
time course of transmission is conducted or if transfer is analyzed 
in the presence of endogenous competing IgGs in, for example, 
BALB/c mice. In contrast, for mutants such as I253A, H3I0A, and 
H435A that have lower affinity than H436A for binding to FcRn in 
competition assays, the low activities in all three in vivo assays 
(catabolism, maternofetal transfer, and inhibition of neonatal trans- 
cytosis) correlate closely. 

In summary, this study has resulted in the unequivocal identi- 
fication of a role for three highly conserved histidines of mlgGI 
(H310, H435, and, to a lesser degree, H436) in the control of 
catabolism and matemofetal/neonatal transcytosis. Thus, taken to- 
gether with earlier data implicating 1253 in these processes, these 
residues are critical for the FcRn-mlgGl interaction. This study 
extends further the evidence in support of the involvement of FcRn 
in both transcytosis and catabolism, and has relevance to under- 
standing the molecular mechanisms that regulate these essential 
functions of IgGs. 
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